A novel approach for confining LiBH4 within a porous aluminium scaffold was applied in order to enhance its hydrogen storage properties, relative to conventional techniques for confining complex hydrides. The porous aluminium scaffold was fabricated by sintering NaAlH4, which was in the form of a dense pellet, under dynamic vacuum. The final product was a porous aluminium scaffold with the Na and H2 having been removed from the initial pellet. This technique contributed to achieving highly dispersed LiBH4 particles that were also destabilised by the presence of the aluminium scaffold. In this study, the effectiveness of this novel fabrication method of confined/destabilised LiBH4 was extensively investigated, which aimed to simultaneously improve the hydrogen release at lower temperature and the kinetics of the system. These properties were compared with the properties of other confined LiBH4 samples found in the literature. As-synthesised samples were characterised using Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD) and Nitrogen Adsorption measurements. The hydrogen storage capacity of all samples was analysed using temperature programmed desorption in order to provide a comprehensive survey of their hydrogen desorption properties. The porous aluminium scaffold has a wide pore size distribution with most of the porosity due to pores larger than 50 nm. Despite this the onset hydrogen desorption temperature (Tdes) of the LiBH4 infiltrated into the porous aluminiumscaffold was 200 °C lower than that of bulk LiBH4 and 100 °C lower than that of nanosized LiBH4. Partial cycling could be achieved below the melting point of LiBH4 but the kinetics of hydrogen release decreased with cycle number.
Introduction
Over the last number of years, hydrogen has attracted a lot of attention in the scientific community as well as the automobile industry as an energy carrier for automobile applications [1, 2] . Utilising hydrogen as an energy store has multiple advantages, the most obvious being its low environmental impact, having near zero pollutant emissions when reversibly produced and converted to electricity in a fuel cell [3, 4] . Many challenges must be faced during the development of a hydrogen based economy, especially in the production of a suitable on-board hydrogen storage material, that will meet the hydrogen storage target (5.5 wt% H2) set by the U.S. Department of Energy [5, 6] .
A potential material for such application is lithium borohydride, LiBH4, which is known from the literature to have a high theoretical hydrogen storage capacity of up to 18.5 wt% and a practical capacity up to 13.8 wt% [7] . LiBH4 begins to desorb hydrogen according to eq. 1 at 370 °C, which continues up to a temperature of 600 °C depending on the conditions employed [8] . The decomposition product, LiH, is thermally stable and does not start desorbing hydrogen until 910 °C [9] . As such, reaching the theoretical hydrogen storage capacity of LiBH4 is not feasible at temperatures lower than 600 °C and so only 13.8 wt% is practically achievable [10] . Not only does the high temperature of desorption inhibit practical use of this material, its reversible hydrogenation is problematic as temperatures of above 600 °C and 350 bar of hydrogen pressure are required [5, 11] . 2LiBH4 → 2LiH + 2B + 3H2 (1) There are two main strategies described in the literature for solving the challenges of reversible hydrogenation and also for decreasing the hydrogen desorption temperature. One method is by thermodynamically destabilising LiBH4 by the addition of a second phase such as a binary hydride, oxide, metal halide or a metal in order to reduce the enthalpy of dehydrogenation, with a resultant decrease of its decomposition temperature [4, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . This method is well known in the literature and has been applied to various metal hydrides with MgH2 and NaMgH3 showing particularly promising result [23] . To date, the most efficient destabilisation agent for LiBH4 is Al, eq. 2, with a resulting theoretical hydrogen storage capacity of 8.3 wt% [10] . However, this system faces some drawbacks, such as poor kinetics of hydrogen reabsorption as well as product segregation and loss of hydrogen capacity upon cycling [13, 24] .
2LiBH4 + Al ↔ AlB2 + 2LiH + 3H2
The second strategy applied in the literature is to improve the kinetics of metal hydrides by decreasing the particle size down to the nanoscale [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . This can be achieved by confining the LiBH4 into a mesoporous scaffold such as activated carbon, carbon aerogel, carbon black, carbon nanotubes/fibers, templated carbons, mesoporous silica and metal organic frameworks [8, 25, 26, [35] [36] [37] [38] [39] [40] [41] [42] [43] . The main disadvantage of using these materials as a scaffold is that they all contain oxygen. For instance, carbon aerogels and activated carbon typically contain between 4 wt% and 14 wt% of oxygen [44] [45] [46] . This is a significant drawback as most metal hydrides are strong reducing agents, and their oxidation within the scaffold leads to capacity loss upon cycling.
Moreover, the hydrogen reabsorption reaction is exothermic which means that heat is produced during this procedure. These scaffolds are known to have poor thermal conductivity which causes the LiBH4 to self-heat during the hydrogen absorption and hence hinders any further absorption [47] . Lastly, these porous scaffolds add an additional weight penalty, even at high hydride loadings, making them unsuitable for storing hydrogen in vehicles.
Based on the literature so far, attempts have been made to combine confinement of a metal hydride together with a destabilising second phase [26, 48] . However, these efforts do not address the reactions between the oxygen in the scaffold and the metal hydrides, nor the poor thermal conductivity of the scaffolds employed. Mesoporous metal scaffolds (MMS) are a new type of materials that have been considered as an attractive solution for battery, fuel-cell and catalytic applications due to their robustness [49] [50] [51] . Only recently have such materials been synthesised as electrodes for battery applications [51] . According to our knowledge, no prior research has been conducted on the utilisation of MMS for the confinement and destabilisation of infiltrated metal or complex metal hydrides in the hydrogen storage community.
In this study, we report a novel approach for synthesising a porous aluminium scaffold using NaAlH4 as a starting material. LiBH4 has been melt infiltrated into this scaffold in order to obtain a LiBH4/Al composite material as the final product. This novel metal scaffold serves as an oxygen-free porous substrate, which partially reacts with the confined complex metal hydride in a destabilising reaction. The remaining metal scaffold substantially improves the thermal conductivity of the hydride bed. The amount of the Al and the LiBH4 encapsulated within it have been carefully calculated so that sufficient metal scaffold remains upon reaction with the complex metal hydride to maintain the structural integrity of the scaffold. Moreover, this confinement approach maintains the kinetic advantages of the confined metal hydride by limiting segregation of the desorption products.
Materials and methods

Sample preparation
All samples were prepared and handled in an argon (Ar) glovebox with oxygen (O2) and moisture level (H2O) less than 1 ppm in order to avoid sample contamination and to minimise any reactions with either O2 or H2O, as all chemicals used for the synthesis were air and moisture sensitive. After ball milling, the as prepared NaAlH4 was pressed into a pellet using an 8 mm stainless steel die. The die was placed into a custom made vacuum bag in order to avoid any contamination of the pellet with O2. The pellet was then sintered for 6 hours under dynamic vacuum at 450 °C using a Labec VTF 80/12 tube furnace with a ramping rate of 5 °C/min, before being left to slowly cool to room temperature.
LiBH4 (Sigma Aldrich ≥90%) was melt infiltrated into the porous aluminium scaffold using a stainless steel reactor. To prevent LiBH4 decomposition, the reactor was loaded with ~60 bar of H2 pressure at room temperature and heated at 5 °C/min to 300°C where it was held isothermal for 30 minutes. The final pressure of H2 in the reactor at 300 o C was ~70 bar H2. The sample was then allowed to cool to room temperature. Four different weight percentages of LiBH4 (10.5, 14.5, 21.4 and 27.4 wt%) were infiltrated into the aluminium scaffolds. All aluminium scaffolds used were sanded by hand, using P180 grit silicon carbide sandpaper prior to the infiltration process in order to remove the thin non-porous surface area (Fig.2 a,b ) that was formed during the sintering procedure. 
Sample characterisation
The chemical analysis and phase observations of all samples were examined by powder X-ray diffraction (XRD) (Bruker D8 Advanced diffractometer) using CuKα radiation. The measurements were performed using 0.3° for the divergence slit and 0.3° for the antiscattering slit. The measured 2θ range (20° -80°) was scanned with a 0.03 step size, at 1.6 s/step and a rotational speed of 30 rpm. The accelerating voltage and applied current were 40 kV and 40 mA, respectively. XRD sample holders were covered with a poly(methylmethacrylate) (PMMA) airtight bubble to prevent oxygen/moisture contamination during data collection. The PMMA airtight bubble results in a broad hump in XRD patterns centred at ~20° 2θ. Phase identification was accomplished using the International Centre for Diffraction Data Powder Diffraction File (PDF) cards. TOPAS Ver.5 was used to calculate a diffraction pattern that corresponds to a sample which has the same LiBH4/Al ratio as PAL-27 [52, 53] . The X-ray diffraction patterns of the samples that are presented after their melt infiltration of LiBH4 were in a pellet form, whereas the X-ray diffraction patterns of the samples after their Temperature Programmed Desorption experiments were crushed into a powder in order to obtain phase information from the entire sample and not only from their surface and upper layers close to their surface.
Morphological observations were carried out with a Neon 40EsB scanning electron microscope (SEM) from Zeiss (Zeiss, Germany). Specimens from the centre and surface of the pellets were prepared by fracturing the pellets and placing on small pieces of carbon tape before being coated with a 3 nm layer of platinum to produce a conductive layer in order to reduce charging of the sample during SEM. The exposure of the samples to air was minimised by using a custom made shuttle in which the specimens were transferred from the glovebox to the coating instrument and into the SEM chamber.
The porosity of the aluminium scaffold was analysed by nitrogen (N2) adsorption/desorption experiments, which were conducted at 77 K using a Micromeritics ASAP 3020 system (Micromeritics, Nor-cross, GA, USA). The specific surface area of the scaffold was calculated from the N2 adsorption data, at relative pressures between 0.05 and 0.30, by employing the Brunauer-Emmett-Teller (BET) multi-point method. The pore size distributions and volumes in the macro-and meso-range were calculated using the Barrett-Joyner-Halenda (BJH) method from the desorption branch of the isotherm.
Temperature programmed desorption (TPD) measurements were undertaken on a computer controlled Sieverts/volumetric apparatus [20] . The sample temperature and pressure was recorded every 30 s using a K-type thermocouple with an accuracy of 0.1 °C at 419 °C and a digital pressure transducer (Rosemount 3051S) with a precision/accuracy of 14 mbar. H2 desorption data was obtained in the temperature range, from room temperature to 250, 265 and 550 °C with a ramping rate of 5 °C/min.
The temperature was kept isothermal at 250, 265 and 550 °C for 10 hours with final H2 backpressures of between 0.8 and 1.4 bar generated during the desorption of the samples. For the sample that was previously desorbed at ~250 °C H2 absorption was carried out in the pressure range of ~80 bar, and the sample was heated from room temperature to 250 °C for 10 h, with a ramping rate of 5 °C/min and finally cooled to room temperature.
Results and discussion
Characterisation of as prepared porous aluminium scaffold and infiltrated samples
The XRD patterns of the as prepared aluminium scaffold as well as that of the samples melt infiltrated with LiBH4, are presented in Fig. 1(a-d) . From the XRD pattern of the as prepared aluminium scaffold ( Fig. 1(a) ) it is obvious that the NaAlH4 starting material used to synthesise the porous aluminium scaffold has completely decomposed into Al (JCPD 000011180) with only minor traces of Na (JCPD 000010832) remaining. It is well known from the literature that NaAlH4 starts to decompose between 100 and 150 °C when TiCl3 is added (eq. 3,4) [54, 55] . As the temperature was increased and reached 400 °C, NaH completely decomposed to Na and H2 (eq. 5) [55] [56] [57] [58] [59] . Na metal at that temperature, is in the molten state with 0.001 bar of vapour pressure [60, 61] and is therefore evaporated from the main mass of the pellet via dynamic vacuum (~0.0001 bar) applied during the sintering procedure and captured in a trap placed inside the reactor. The diffraction peaks that are observed at ~2θ = 32°, 39°, 46°, 55° and 75° are attributed to the TiCl3 additive, which during the sintering procedure reacted with NaAlH4 forming TiAl3 (JCPD 040152440) and NaCl (JCPD 00010994) [54] .
Al + H2 (3)
NaH → Na + (Fig. 1b) . This observation indicates that the LiBH4 has entered the inner pores of the pellet via capillary action, leaving no traces on the surface or upper layers of the pellet or it is in an amorphous state. The PAL-14 ( Fig.   1c ) has a small diffraction peak that corresponds to NaBH4 (JCPD 000381022), whereas the sample with the highest loading of the infiltrated metal hydride exhibits diffraction peaks of LiBH4 (JCPD 040113748) and NaBH4. Fig. 1e illustrates the calculated diffraction pattern of a powder sample having the same quantities of LiBH4
and Al as the sample PAL-27. This pattern provides a better understanding of the intensities which correspond to LiBH4 and Al for PAL-27 and whether the complex metal hydride has reached its maximum infiltrated amount which can occupy the majority of the pores. Moreover, the diffraction peak that corresponds to NaCl, which overlaps with the diffraction peak for TiAl3, which is present for the as prepared aluminium scaffold as well as for the PAL-10 sample (Fig. 1a & b) disappears as the infiltrated amount of LiBH4 increases in the next set of samples ( Fig. 1c & d) . The presence of NaBH4 may be attributed to the fact that NaCl (eq. 6) or residual Na has reacted with LiBH4 during the infiltration process in a metathesis reaction. Moreover, according to the literature, the structural phase transition of LiBH4 with I, Cl, Na and K substitutions respectively has been studied and the results have shown that Na can substitute for Li when LiBH4 reaches high temperatures [62] . Further investigation on this matter has to be conducted, by applying in situ X-ray diffraction experiments during the infiltration process.
NaCl + LiBH4 ↔ NaBH4 + LiCl
The SEM micrographs of the surface, prior to sanding, and centre of the as prepared aluminium scaffold are presented in Fig. 2 a-d . It can be seen that a wide range of pore sizes and voids are present in the scaffold. The larger voids present in the sample are most likely created during the compaction of the NaAlH4 into a pellet that was used as a starting material for the synthesis of the aluminium scaffold (the NaAlH4 pellet was 70% dense relative to the crystalline density of NaAlH4). The mesopores and macropores may have formed during the sintering process of the pellet under dynamic vacuum. While the pellet was heated to 450 °C, H2 and Na were removed from the mass of the pellet creating these pores. Once 450 °C had been reached, and this temperature sustained for 6 h, the Na present in the pellet vaporised and was partially extracted from the pellet. In Fig. 3 (a) , the N2 adsorption/desorption isotherms of the as prepared porous aluminium scaffold are presented. The isotherms are of a type II with associated H3
type hysteresis loop and a sharp capillary condensation step at high relative pressures (P/Po = 0.70-0.99) reflecting the large mesoporous and macroporous nature of the scaffold [63] [64] [65] . The lack of knee represents extremely weak adsorbate-adsorbent interaction indicating a lack of micropores [66] . The pore size distribution of the scaffold is presented in Fig. 3b and illustrates that the pores in the scaffold have polydispersity. A large number of pores with diameters ranging from 1.7 to 3.1 nm are present in the samples in comparison to the number of larger pores ranging between 20 -40 nm in diameter. The total pore volume of the pellet is 1.51 cm 3 /g, of which ~0.38 cm 3 /g is due to the voids in the compacted starting material, which was calculated using the crystal density of NaAlH4 as well as the physical (bulk) density of the pellet derived from its physical dimensions; 0.014 cm 3 /g is due to the micropores and mesopores with diameter within the range of 1.7 -40 nm as calculated from the BJH method (Table 2) ; and finally the remaining volume is due to the presence of macropores greater than 50 nm in size. These observations are in agreement with the SEM micrographs (Fig. 2) . The BET surface area of the scaffold, 6.43 m 2 /g is relatively small for a porous material and is due to the large volume of macropores. The relatively small surface area does not have a negative impact regarding the hydrogen desorption properties of the final material, as described in the thermal analysis section. 
Thermal Analysis
The TPD curves of all samples are presented in Fig. 4 . It is noticeable that the PAL-10 and PAL-27 samples start desorbing H2 after the melting point of LiBH4 (T > 284 °C). More specifically, the PAL-10 has reached its maximum H2 desorption value (1.8 wt%) within 2 h, which includes the time required for the sample to reach the targeted temperature, 100 min. This experimental value does not match with the theoretical value (1.5 wt% H2 for eq. 2 when considering the total mass of the pellet) calculated when the molar ratio of LiBH4 to Al is 2:1. The reason for this, is that at temperatures above 500 o C, excess Al present from the porous scaffold is able to further react with the LiH formed from the first decomposition pathway (eq. 2), forming LiAl (eq. 7) [67] .
Moreover, the H2 back pressure (0.82 bar) created for this sample during its thermal decomposition process, is below the equilibrium pressure that corresponds to eq.
7 [67] . Hence, this reaction is thermodynamically favoured to take place [68] . As for the PAL-27, the maximum value of desorbed H2 of 3.8 wt% was also reached within 2 h from the time the heating rate started. This value is equal to the theoretical H2 capacity for 2:1 molar ratio of LiBH4 to Al. In this case, the LiH formed was not further decomposed as the H2 back pressure reached for this sample was higher than the equilibrium pressure of eq. 7. Thus, this reaction was not thermodynamically promoted. Also, the LiBH4 which was infiltrated into the porous aluminium scaffold occupied the larger pores of the scaffold reducing its contact surface area. In contrast, the PAL-14 starts desorbing hydrogen below the melting point and, more significantly, the onset temperature of desorption is below 100 °C. The maximum H2 desorbed wt% for this particular sample was 2.8. This is slightly higher than the theoretical calculated value, and can be attributed to the uncertainties of the instrument used to conduct the TPD experiments.
The PAL-14 sample exhibited a different thermal behaviour in comparison to the rest of the samples. This fact may be attributed to the sample preparation procedure. More specifically, it has been shown from the XRD analysis of the samples (Fig. 1 ) that residual Na and NaCl from the sintering process of the porous aluminium pellet is mainly located on the surface. Therefore, prior to the infiltration procedure of the porous pellets, the surfaces were sanded by hand using P180 grit silicon carbide sandpaper in order to expose the pores of the scaffold by removing the thin non-porous layer formed during the sintering process (Fig. 2a,b ) but also to reduce the presence of Na and NaCl. As this surface modification procedure is not automated, it may result The exact amount of LiBH4 melt infiltrated in the scaffold is not repeatable. Thus, the wt% of LiBH4 in that particular sample presented in Fig. 5 (PAL-21) is slightly different to the one in Fig. 4 (PAL-14) . Therefore, they are referred to with different sample names. On the 1 st TPD measurement the sample releases 0.4 wt% H2, equivalent to ~13.3% of the theoretical capacity, during the 50 minute heating time required to reach the set point temperature of 264 o C. While the total quantity of H2 released up to this temperature is low, the rate at which it is released suggests that LiBH4 confined within sufficiently small pores results in a dramatic improvement in the kinetics of H2 release.
As far as the authors are aware, such dramatic improvements in kinetics below the melting point of LiBH4 have not previously been reported in the literature when LiBH4 has been destabilised with Al or confined into a porous scaffold as seen in Table 3 .
The volume of the mesopores in the Al framework (0.014 cm 3 The XRD pattern of PAL-21 after its TPD measurement up to 264 °C is presented in Fig. 7 . The decomposition products, AlB2 and LiH, agree with those expected according to eq. 2. This corroborates the TPD experiments in that the onset desorption temperature of hydrogen is below the melting point of LiBH4. Moreover, the presence of NaBH4, which was formed during the infiltration process, explains the reduced H2 capacity compared to the theoretical value (3.0 wt% H2) if only LiBH4 was present.
NaBH4 is known to decompose at higher temperatures, such as ~565 °C [70] .
According to our obtained results from this study, further improvements have to be made in developing a consistent surface treatment of the pellets prior to melt infiltration of LiBH4 in order to minimise the formation of NaBH4 and to obtain reliably enhanced hydrogen desorption kinetics below the melting point of LiBH4. The peaks that correspond to TiAl3 and NaCl are associated with the TiCl3 used as an additive for the starting material (NaAlH4), whereas the reflections that correspond to Al are created by the porous metal scaffold. Porous metal scaffolds are a new category of materials with a wide range of applications covering many scientific fields, from biomedicine to environmental science. More specifically, they can be used in bone tissue engineering, Li ion batteries, hydrogen storage, gas sensing and finally in catalysis [71, 72] . Generally, the synthesis of metal porous scaffolds that do not contain noble metals is challenging, costly and scale up is difficult. The experimental conditions employed during the synthesis process have to be carefully controlled in order for the metal not to be oxidised and contaminate the final product. Moreover, most of the porous metal scaffolds that are presented in the literature to date are synthesised by using pure ionic liquids [51] . These methods either involve the electrodeposition of the targeted metal on a template or the selective dissolution of a less noble component of a metallic solid solution or alloy [73] . Ionic liquids are difficult to handle and are costly, thus scaling up the synthesis process for the mass production of these materials is not cost effective. This study presents a novel method for the synthesis of a porous aluminium scaffold by using NaAlH4 as a starting material. Metal hydrides are cost effective, easy to handle (in comparison to ionic liquids) and can easily be used on a large scale in order to manufacture these novel scaffolds in large quantities. The most promising aspect of this method is that it can be applied to the synthesis of various porous metal scaffolds with different metallic compositions or alloys provided a suitable hydride with a volatile element can be identified. This avoids facing any limitations that other electrochemical methods face, such as not achieving pure electrodeposited metals on the used templates. There are still challenges that have to be faced in order to improve this method. The sintering conditions of the metal hydrides need to be optimised since these conditions are the key factors controlling the purity and the porosity of the final product. The results obtained so far from this studied system are promising and are a stepping stone for the future optimisation of this final product from which many scientific fields can benefit from.
Conclusions
A porous aluminium scaffold in the form of a pellet was synthesised using NaAlH4 as a starting material. The pores present in the scaffold are polydisperse according to the SEM micrographs and the N2 adsorption/desorption analysis. These pores were created during the sintering process of the pellet due to the removal of hydrogen and sodium from the pellet whilst under dynamic vacuum. The XRD pattern after sintering reveals that the scaffold is mainly composed of Al. The XRD patterns after the infiltration of LiBH4 into the scaffold at various quantities show that the complex metal hydride has entered the porous framework. Furthermore, the temperature programmed desorption measurements showed that all samples started desorbing hydrogen at temperatures much lower than the one that corresponds to bulk LiBH4.
The sample that was infiltrated with 14.49 wt% of the complex metal hydride started desorbing hydrogen at ~150 °C. Further improvements are required in order to increase the presence of mesopores in the scaffold, which in turn will enhance the confinement of LiBH4 and reduce the hydrogen desorption temperature of this system, to an even lower value than the one observed in this work. This will make it an ideal hydrogen storage system for use in automobile applications.
